2009]. The extremely cold TTL behaves like a filter, effectively freeze-drying the rising air 48 through the process of ice cloud formation and sedimentation. Thus the filtering efficiency 49 depends on cloud processes in the TTL [Jensen and Pfister, 2004] . Interestingly, in addition to 50 the role of stratospheric water vapor on global surface temperature, the radiative impact of water 51 in the TTL itself strongly depends on the phase of water, mainly due to differences in infrared 52 absorption between water vapor and ice crystals. Recent studies have shown that radiative 53 impacts by tropical high-level ice clouds and water vapor in the upper troposphere and lower 54 stratosphere play a critical role in shaping tropospheric circulation in models, affecting the 55 strength of the Hadley cell, and the locations of the intertropical convergence zone, extratropical 56 jet streams, and storm tracks [Maycock et al., 2013; Voigt and Shaw, 2015] . 57 These important impacts of water in the TTL and stratosphere on climate emphasize the 58 need to accurately represent TTL ice cloud processes in global climate models. However, there is 59 a large spread in stratospheric water vapor concentrations and TTL cloud frequencies among 60 models [Gettelman et al., 2010; Randel and Jensen, 2013; Hardiman et al., 2015] . A lack of 61 observations limits our current understanding of the TTL dehydration process and the availability 62 of constraints needed for better simulation of ice clouds in models. One of the processes involved 63 in TTL dehydration and accompanying cirrus formation is wave-induced temperature variability. 64 While a number of modeling studies have shown that waves affect cirrus clouds and dehydration 65 in the TTL [e.g., Potter and Holton, 1995; Jensen et al., 1996; Luo et al., 2003; Jensen and 66 Pfister, 2004; Schoeberl and Dessler, 2011; Ueyama et al., 2015] , only a handful of 67 observational studies have suggested wave impacts on cloud occurrence [Boehm and Verlinde, 68 2000; Pfister et al., 2001; Immler, 2008; Fujiwara, 2009 ]. Furthermore, the sampling in previous 69 measurements was too limited to determine a robust relationship between cirrus and waves. In February-March 2014. The measurements included temperatures [Scott et al., 1990] , ice particle 80 properties [McFarquhar et al., 2007] , and cloud layer information [McGill et al., 2002] . Long 81 duration flights with repeated vertical descent/ascent maneuvers between ~14 and ~18 km 82 provided unprecedented observations of ice clouds in the TTL. Since aircraft measurements 83 provide in situ temperatures ( ) only, we need additional information about the mean 84 temperature ( ) to calculate wave temperature anomalies ( " = − ) along flight tracks. We 85 utilized Global Positioning System (GPS) radio occultation data [Kursinski et al., 1997; Anthes 86 et al., 2008] to provide accurate mean vertical temperature profiles. 87 For each 1-s interval of ATTREX aircraft measurements, we calculated the mean 88 temperature by averaging GPS temperatures for 30 days and 10°x5° (in longitude and latitude) 89 centered on each flight time and location along the flight tracks. This procedure yields the same 90 number of mean temperatures as in situ aircraft temperature data. Temperature anomalies with 1-91 s interval were calculated by subtracting GPS mean temperatures from aircraft temperatures (see 92 Figure 1 ). Note that temperature anomalies are time anomalies at each vertical data point, so 93 resulting anomaly profiles can be considered as waves (that is, the mean vertical temperature 94 structure is already removed.). Since we used the 30-day time mean, the temperature anomalies 95 were induced by waves at periods shorter than 30 days, including gravity, Kelvin, and mixed-96 Rossby gravity waves. All of these waves contribute to the determination of the cold point 97 temperature [Kim and Alexander, 2015] . Over the ATTREX flight ranges, about 24 GPS profiles 98 were averaged to calculate the mean temperature for each 1-s. Figure 1 The colored lines in the lower panels in Figure 2 show probability density functions 106 (PDFs) of temperature anomalies when ice clouds were observed at 14-18 km. Even though the 107 total sampling in 2011 is skewed toward the positive anomaly side (grey PDF), 97% of clouds 108 were observed where temperature perturbations were negative. The 2013 data also show a strong 109 effect of waves, with 87% of clouds occurring in cold anomalies, while the total sampling 110 displays an unbiased PDF.
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The relationship between temperature anomalies and clouds seems weak in the western 112 Pacific 2014 data in Figure 2 . For a more detailed analysis we divided the data into 3 vertical 113 layers in Figure 3 . The lower layer PDF shows little dependence on waves, while the middle 114 layer shows a transitional behavior between the upper and lower layer. The upper layer (>16.5 115 km) clouds dominantly formed within cold anomalies (86%). Although cirrus cloud occurrence 116 at these high altitudes is not very frequent (8% of 2014 measurements) compared to the lower 117 altitude clouds (23%), impacts of these very high clouds are significant through their modulation 118 of radiative forcing, either directly or through their effect on water vapor. Slowly rising air in this 119 extremely cold layer at 16.5-18 km experiences a final dehydration before it enters into the 120 warmer stratosphere. The strong correlation we observe between clouds and negative 121 temperature anomalies supports the previous idea that waves regulate lower stratospheric water 122 vapor by lowering cold point temperatures in the TTL [Kim and Alexander, 2015] . Figure 4 , the examples in the second 138 row show that the wave-cloud relationship also holds at shorter vertical scales. In some cases, 139 very thin cloud layers are associated with shallow waves at wavelengths as short as ~300 m. The 140 profiles indicate that multiple layers of these thinnest clouds can exist due to multiple layers of 141 shallow waves, which cannot be resolved in current global climate and analysis models due to 142 limited vertical resolution. 143 The general relationship between waves and clouds in Figure 4 indicates not only that the 144 cold or warm phase is important, but also that changes between wave phases determine cloud 145 occurrence. Clouds were more often observed at a negative vertical slope of temperature 146 anomalies (i.e., dT'/dz < 0) than a positive slope. A combination of in situ aircraft measurements 147 during descents and lidar profiles between the descents provides a good example of cloud layers 148 in relation to temperature perturbations, as shown in the lower panel of Figure 4 . We can observe 149 that highest, thinnest clouds follow roughly the peaks of negative temperature anomalies and 150 negative slopes (see layer at ~16.5 km à ~16.7 km), and that cloud layers have a gap near where 151 positive slopes and positive temperature anomalies occur. 153 We propose a probable reason that a negative slope in the temperature anomaly profiles , 2000; Kim and Alexander, 2015; Jensen et al., 2016] . In our analysis, one wave period 160 could have any value between a few minutes to 30 days. Based on this general wave structure, 161 the sign of dT'/dt (time derivative) can be deduced only from dT'/dz (vertical slope). For 162 instance, at a certain point (green square), dT'/dt will have the same sign as dT'/dz. This 163 relationship holds at any point if anomalies were caused by an upward propagating wave. 164 Therefore, the preferential cloud occurrence at dT'/dz<0 implies that cirrus clouds preferentially 165 form and exist when a local air parcel experiences cooling, dT'/dt<0. Figure S1 shows the vertical distribution of 1-s ATTREX measurements for each 20 deployment period of 2011, 2013, and 2014. Although the aircraft flew and scanned air above 18 21 km, we only consider data at 14-18 km for calculations of cloud occurrence frequency 22 throughout the paper. This is because clouds were very rarely observed higher than 18 km, as 23 shown with color lines in Figure S1 .
Indication of importance of cooling rates
24
Note that we had an unequal vertical distribution of measurements due to restrictions of 25 Global Hawk aircraft maneuvers. For instance, the data in 2014 have less sampling at higher 26 altitudes than in 2011 and 2013 because of a heavier payload during flights in 2014. Also, since 27 altitudes around 14-14.5 km are the lowest permitted altitude range for the Global Hawk's 28 repeated vertical descents and ascents during the mission, anomalously large sampling was 29 obtained at 14-14.5 km. Figure S2 shows the same calculations as in Figure 2 (for 14-18 km), but 30 for the different vertical range of 14.5-18 km, to check whether the choice of the lower limit of 31 study altitudes between 14 and 14.5 km affects the results. Due to the over-sampling at 14-14.5 32 km, there are some differences in the PDF distributions between Figure 2 and Figure S2 , but we 33 can still draw the same conclusion of wave influence on clouds from the two figures. 
S2. Sensitivity of Results to Ice Number Concentration and Tropical Latitudes
36
Cloud occurrence events were identified by ice particle number concentration measured 37 by the FCDP. The detection limit of the FCDP is ~10 particles/L, and we defined clouds as ice 38 number concentration higher than 30 particles/L. As shown in Figure S1 , overall cloud 39 occurrence frequency decreases with use of a higher criterion, but the general vertical 40 distribution is similar regardless of the choice of ice number concentration. Calculation statistics 41 for cloud occurrence criteria for 10, 20, 30, 40, and 50 particles/L are compared in Figure S3 . 42 The case of 30/L is the same as the bar charts in Figure 5 . Like the result in Figure S1 , while 43 cloud occurrence frequency decreases with use of a higher criterion, the general relationships 44 between wave phases and clouds are not sensitive to the choice of the ice particle concentration 45 for identifying clouds.
46
The whole range of ATTREX measurements are between 12°S-36°N, but we only took 47 data at latitudes of 12°S-20°N in the main manuscript as we intended to investigate tropical 48 cirrus clouds. In Figure S4 , we compare the wave-cloud statistics, with the same method as 49 Figure 5 , but for latitudes less than 10°N, 15°N, 20°N, and 25°N . While more cirrus clouds were 50 observed (i.e., higher occurrence frequency) within the deeper tropics, the wave modulation of 51 cirrus clouds remains important throughout the tropics. 
